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node being a member of the respective set. Sets are united 
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set, by assigning a dominant unique identifier to all nodes of 
both sets if either nodes of the first or the nodes of the second 
set carry a dominant unique identifier, or by assigning a 
unique identifier to all nodes of both sets if neither the nodes 
of the first nor the nodes of the second set carry a dominant 
unique identifier. A Matrix update algorithm is applied if the 
link connects a node of a first set and a node of a second set 
that both already carry dominant unique identifiers. 
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FIG. 3A 




FIG. 3B 
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FIG. 3C 
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FIG. 3E 
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FIG. 3G 
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FIG. 9 
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FIG. 13 

Algorithm: 

while (£ To visit * {0}) do 

E := GetFirstEdge(£r 0 visit); 
V s := GetSrcVertex(E); 
V d := GetSDstVertex(E); 
switch on C(V S ) = C(V d ) = 00 do 
case C(V S ) = CfVa) = «>do 

C(V S ) := GetNewColor(); C(V d ) := C(V S ); 

done 

case C(V S ) G Fand C(V d ) e Fand C(V S ) 4 C(V d ) do 
V x := GetOriginatingVertexfQVsjy; 
V y := GetOriginatingVertexfcjv^y; 
if M[V/J[l/ y l = oodo 
for iG Band i£ V y do 
if M[i\[VJ ^ oo do 
fory'G Bandy'^ l/ x do 
jf M[l^[/] = «>do 
M[,][y] := Cf(E); 
MUlli) := Cf(£); 
done 
done 
done 
done 

if V/.y'^U^^do 

^ STOP, 
done 

done 

done 

case C(V S ) t 00 and C(Vy ^ 00 do 

for all vertices vsuch that C(v) = /naj^QVal.QVy] do 

CM := m/ntC(V s y,C(V d y]; 
done 

done 

case CfV«) G Fand Cfl/y £ For C(V s y £ Fand Cfl/y E Fdo 
for all vertices vsuch that C(v) = ma>iC(V s ),C(V d )] do 

C(v):= miriC(V s ),C(V d )]; 
done 

done 

case C(VJ = <» and QV^ £°°or C(V S ) /°Qand C(V d j = °o do 
CfVy := m/^QVsy.cfi^cw := CW; 

done 

done 

done 
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Establish initial conditions: 

(1) Sorted list of links 

(2) Unique dominant identifiers 
assigned to border nodes 
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Does link connect two 
nodes, neither carrying 
dominant identifier? 



No 
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Yes 



Unite the two sets of nodes 
including the connected nodes by 
assigning an identifier to all nodes 
of the two sets 
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pairs of border nodes been 
derived? 
1 Y es 
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all nodes of the two sets 
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nodes having different 
dominant identifiers? 

| Yes 
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PNNI TOPOLOGY ABSTRACTION packets using a protocol that makes nodes known to each 

other. If the nodes have the same PGID, they belong to the 
peer group defined by that particular PGID; if their PGIDs 

TECHNICAL FIELD are different, they belong to different peer groups. A border 

^ . , , 5 node has at least one link that crosses the peer group 

The invention concerns the computation of complex node bound M layer (between logical group nodes) 

representations and the calculation of a path in a PNNI hcUo protocol exchanges ^ over logical ^ 

network. SVCC-based routing control channels (SVCC-RCCs). 

t> a rvrnnT r\m r\c -rur? TKn/cwnAM SVCC stands for switched virtual connection channel. PNNI 

BACKGROUND OF THE INVENTION , a , . . c t . , . , 

10 defines the creation and distribution of a topology database 

For asynchronous transfer mode (ATM) switches to that describes the elements of the routing domain as seen by 

communicate, a standards-based signalling and routing pro- a node. This topology database provides all the information 

tocol called Private Network-to-Network Interface (PNNI) required to compute a route from the node to any address 

is used. PNNI is a comprehensive routing and signalling that is reachable in, or through that routing domain. Nodes 

protocol for use in an ATM network and is a comprehensive is exchange database information using PTSEs (PNNI Topol- 

signalling standard. Among the major characteristics are ogy State Elements). PTSEs contain topology characteristics 

signalling for switched virtual circuits (SVCs) and dynamic derived from link or node state parameter information. The 

routing capabilities. It also supports the Quality of Service state parameter information could be either metrics or 

(QoS) parameters. PNNI was approved by the ATM Forum attributes. PTSEs are grouped to form PTSPs (PNNI Topol- 

in 1996 and is found in many ATM systems. 20 ogy State Packets) which are flooded throughout the peer 

PNNI supports a dynamic information exchange to allow S rou P so that nodes in one peer group will have an 

switches to update routing paths and to form alternate identical topology database. As mentioned already, every 

rerouting in case of link failure. P eer g rou P has a node caUed PGL - ^ m is at most one 

T , . * 'jit_ j ^ o t i active PGL per peer group. The PGL will represent the 

In order to support bandwidth request and QoS, a local . ■ *iT . • i a 

nxixTT •* u u * i *u i * i v- • 25 current peer group in the parent peer group as a single node 

PNNI switch has to know the network topology. Knowing « j i ■ , r , r /f rxI f -ru r A™ n in a 

. , . , jfj^o/r called logical group node (LGN). The LGN will also flood 

whether the network can support end-to-end QoS (for ^ pTS *. Jn ^ ^ tQ ^ 

example the reqmred bandwidth) and whether the path is ^ from ^ dflc ^ m tion and 

avauable are the only ways the : local switc .can accept a call distribution of information for maintainiDg the PNNI 

without compromising the call integrity. Such information 3Q hi& ^ pQLdoes Mt haye jal fole m ^ 
can be established manually when the network is formed. 

However, having to inform every switch on the network .... . . „ 

when a new switch is added or when the topology changes u CaU , establishment in PNNI consols of two operations: 

is very labor intensive, not to mention the increasing prob- the selectlon of an °P Umal P ath and setup of the 

ability for errors. The only effective process is to have the „ connection state at each point along that path/To provide 

switches exchange information with one another on a regu- 35 8^ a ccuracy in choosing ophmal paths in a PNNI network, 

lar basis. PNNI requires such an exchange of information as to PNNI standard provides a way to represent a peer group 

discussed in the next section. ^ a structure whlch 15 more sophisticated than the single 

. . , , . „ node. This representation is called complex node represen- 

Topology information « exchanged automatically on a tation> ft advertisemeilt of thc ^ of traversing this 

regular basis or upon significant changes to ensure that every „„ node and the mst of traversing the whole p eer 

switch in the network has the most current view. Switches summarized by the respective complex node repre- 

form peer groups under common ATM prefix. A peer-group- seritation 

leader (PGL) is elected in each peer group to represent the 4 j iL 

v * u ■ u i rpi a . u * u The computation of complex node representations and the 
peer group at a higher layer. The PGL does not have to be . v r - . • - 
ihe connecting node between two peer groups. An efficient 45 WW 10 " and ^tribution of mformation for maintaining 
procedure governs the frequency and the amount of infer- ldentical dalabases ™ tmn a P eer ^ and betWee ° Pf r 
mation being exchanged so that bandwidth is conserved. If ^ A ^ ™™? X ™ and time ™niing "> P a ^ Jar 
update information is received by a switch, it is compared when dealing with large networks. In other words, the path 
with the existing topology information and changes will calculation becomes slower with increasing size of a net- 
automatically be updated llie effect of the information 50 work and topology updates use up more and more of the 
exchange is to increase the ability to reach the destination. node s and s ca P acitv - 

By providing alternate rerouting, if a commonly used path 11 15 aa ob J ect of the P resent invention to provide a fast and 
fails, an alternate path, if available, will be used to reach the reliable method for the computation of complex node rep- 
destination. Only by having updated topology information resentations. 

can switches be relied on to make such distributed intelligent 55 It is an object of the present invention to provide a fast and 

decisions. reliable method for the calculation of a path in a PNNI 

To reduce the overall complexity, the amount of needed network, 

memory, and the path selection complexity in particular, It is another object of the present invention to provide a 

PNNI uses the hierarchical model for topology aggregation, method for selection of an optimal path in a PNNI network, 

as indicated above. At various levels of this hierarchy, a 50 It is a further object to provide improved PNNI nodes and 

PNNI peer group is represented one level up by a single PNNI networks, 
node. 

PNNI is a hierarchical, link-state routing protocol that 

organizes switching systems into logical collections called The present invention concerns a scheme for the compu- 

peer groups. Neighboring call establishment in PNNI con- 65 tation of a restrictive cost between pairs of border nodes of 

sists of two operations: the nodes form a peer group by a PNNI peer group which comprises nodes, some of the 

exchanging their peer group identifiers (PGIDs) via Hello nodes being border nodes. The peer group further comprises 



SUMMARY OF THE INVENTION 
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links connecting pairs of nodes. The following steps are The expression "restrictive cost" is herein used to 

carried out to compute the restrictive cost: describe cost as a function of a link's dimension or 

a. maintaining a sorted list of said links sorted according characteristic, such as the bandwidth for example. The 
to their restrictive cost C, restrictive cost C can, for example, be defined as OMax- 

b. forming logical sets of nodes 5 bandwidth > or as C=l/bandwidth, for example. According to 
by taking one link after the other from said list starting 1^ definition of restrictive cost, the weakest link of a path 

with the cheapest cost C and assigning an identifier defines the cost. The opposite of restrictive costs are additive 

to the two nodes connected by the respective link, costs whlch de P end for exam P le on the dela y of Lnks - 

whereby the nodes of a set of nodes carry a dominant The words "node" or "vertex" are herein used as generic 

unique identifier if a border node is a member of the 10 term for routers, switches, bridges, brouters, and any other 

respective set, or a unique identifier if there is no system that transmits or receives information, 

border node being a member of the respective set, The word "database" is used to describe tables, listings, or 

uniting two sets, if such a link connects a node of a first any ot h er collection of data. Such a database can either be 

set and a node of a second set, by assigning a located within one and the same memory, or it can be 

dominant unique identifier to all nodes of both sets if distributed. 

either nodes of the first or the nodes of the second set ™ . M ., , , a 

« . , . ■ ■ The word identifier herein means color, marking, flag, 

carry a dominant unique identifier, or by assigning a *■ •» ■ j **c u i ** j *u n ttT 

• j . ii i r> l ii_ * *c *.l connectivity identifier, number, letter and the like. The 

unique identifier to all nodes of both sets if neither t . r „ , , . ,. .. . , .„ 

. jru « identifiers are herem used to distinguish sets, as will 

the nodes of the first nor the nodes of the second set . . . 

, . .« 20 become apparent later, 

carry a dominant unique identifier, rr 

c. applying a matrix update algorithm if said link connects A "«f emprises one or multiple nodes. There is only 
a node of a first set and a node of a second set that both one border node m a set 

already carry dominant unique identifiers. A network can be modeled by an oriented graph. The 

The present scheme can be employed in any kind of 25 following conventions will be used: 

network devices, such a routers for example. The scheme A node of the network will be referenced as a vertex of the 

can also be used for computation of an optimal path in a graph. 

PNNI network, or for routing a packet or frame from a A Hnk ^tvem mQ netWQrk nodes wiU ^ referenced M 

source node to a destination node using an optimal path m aQ edge ^ten ^ vertices of me graph> 

a PNNI network. 30 Let q/^ £\ be lne grapa representing the network at a 

The advantages of the present invention are addressed in giveQ poim m time v is a set of vertices and E a set of 

the detailed description. directed edges. Therefore, for all v„ V/ E V if v, and v y are 

DESCRIPTION OF THE DRAWINGS connected, the edge 

The invention is described in detail below with reference 35 
to the following schematic drawings. It is to be noted that the 
Figures are not drawn to scale. 

FIG. 1 is a schematic representation of a PNNI network Let v x and v y be two vertices of graph G(V, E). The path 
used to explain the PNNI hierarchy. 

FIG. 2 are two different forms of representations used in 

connection with PNNI. v * ' Yy 

FIGS. 3A-3G are schematic representations of a sample 

graph used to illustrate and explain various steps of the is a sequence of n vertices such that: 

scheme, in accordance with the present invention. 45 

FIG. 4 is an example of a sorted list of links, in accordance 
with the present invention. 

FIGS. 5-12 are schematic representations used to illus- 
trate and explain various steps of the scheme, in accordance 

with the present invention. 50 

FIG. 13 is a schematic representation of a simple graph If ^ P alh does not exist > P^M- In this case the P ath is 

used to illustrate aspects of the invention. said t0 be not feasible. The length of the path L(P^) is the 

FIG. 14 is a sample algorithm which is well suited for use number of ed S es m lhe P ath: 



iv. e E. 



40 



Pn-l = V, 

3£ P ,p. . e£V/e [0, ... ,n-2] 



in connection with the present invention. 



FIG. 15 is a schematic flow chart which illustrates the 



55 .<card(P Sty )-\ if \0) ) 



\ 0 otherwise. 



basic steps of an algorithm in accordance with the present 
invention. 

FIG. 16 is a block diagram of the major hardware com- Le t us associate a restrictive cost to an edge. For an edge e 84 

ponents of a node in which the inventive method can be 60 1>y e E, such a cost will be Cr(€ 84 t>/ ) e N. (To be more 

executed. general one could consider thatCr (e^ G R*. However, 



DESCRIPTION OF PREFERRED 
EMBODIMENTS: 



since the PNNI protocol allows only integer representations, 
in the following only integer values will be considered). It 
is to be noted, however, that the present invention can also 
The basic concept of the present invention is described in 65 be applied to non-integer costs. The cost is said to be 
the following. Before addressing different embodiments, restrictive since the restrictive cost of a path will be the 
relevant terms and expressions are defined and explained. maximum of the restrictive costs of the traversed edges. 
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Therefore for a feasible path from v x to v y of length n, V x 
the restrictive cost of such a path will be: 



If the path is not feasible, then C/P )=a>. It is possible to 
the define the restrictive cost of an edge in both directions: 
C/(P vt>J >CXe vl>/ )and C^^C^J). At path level: 



10 



.max {C^e^p. 
telo.nl * ,+ 



CXP X y) = max {C r (ep. 



)» and. 



Of course, if the path is not feasible, C/(P^)«C/(P^)=oo. 
When computing optimal path, it is sometime sufficient to 
minimize a "symmetric" cost. That is, only one cost is 
associated to a path regardless the direction. In the case of 
directed edges, this requires a symmetrization step. There- 
fore for all edges ■ of the graph a symmetric restrictive 
cost is considered: ' C/(e V( - ^oC/C^J^max {CX^), 
CJfaj vi )} The extension to the path cost is straightforward. 



)}• 



is how to generate a complex node representation corre- 
sponding to a given peer group. Of course, this representa- 
tion can be built for various kind of costs. Asymmetric costs 
versus symmetric costs can also be considered. In the 
present context, only symmetric restrictive costs are ana- 
lyzed. An extension to other type of costs or the usage of 
asymmetric costs is possible. 

Suppose that the peer group is represented by a graph 
G(E,V) having N vertices. This graph has M border vertices 
b 0 , . . . , b m _ 1 G V corresponding to the border nodes. The 
problem solved by the complex generation algorithm is to 
build the costs matrix summarizing the cost of traversing the 
peer group between each pair of border vertices. According 
to definitions presented earlier in the present text, the cost 
matrix is such that: 



20 



Problem solved by the present invention: 

The PNNI hierarchy is used to represent a whole PNNI 
peer group, e.g. peer group A in FIG. 1, with a single node 
A. This principle allows abstraction of the network topology 
and therefore path computation complexity is alleviated. 
FIG. 1 illustrates this mechanism. The PNNI peer group A 
at PNNI layer k is composed of four nodes. Three of them 
(Al, A2 and A3) have a special role since they each have a 
link connecting peer group A to other peer groups (outside 
links). Those nodes are designated as border nodes. When 
the topology is abstracted at PNNI layer k+1 (see uppermost 
part of FIG. 1) the peer group A is represented only by node 
A. The outside links are also shown at PNNI layer k+1. 

The PNNI routing protocol authorizes two ways of rep- 
resenting a PNNI peer group at an upper layer: 

As a simple node: This representation is simple to con- 
struct and to use. However, it does not permit a 
showing of the cost of traversing the peer group. 
As a complex node: This representation shows the cost of 
traversing the peer group. It is therefore possible to take 
into account this cost at path selection time, or for other 
purposes. The drawbacks are of course increased com- 
plexity to generate this representations and also to use 
it when computing routes (since there are more vertices 
and edges then in the case of simple node 
representation). 
Both representations are shown in FIG. 2. The simple 
node representation is given on the left hand side and the 
complex node representation on the right hand side of FIG. 
2. The principle of this complex node representation is to 
map the simple node to a representation where: 

The nucleus 10 is a vertex representing the node itself. 
The nucleus 10 is connected via spokes 11 to a set of 
vertices (PI, P2, P3) 13 each one representing a port 
(note that a port in the present context is a connection 
to the outside links) in the simple node representation. 
Optionally, vertices representing ports 13 can be directly 

connected by exception bypasses 12. 
Note that spokes 11 and exception bypasses 12 are 
actually normal edges belonging to the graph. The problem 
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Since only symmetric costs are considered in the present 
context, the matrix is of course symmetric. This cost matrix 
is actually an algebraic representation of the complex node. 
Once the computation of the matrix has been completed 
there is a cost entry for each pair of border nodes of the 
PNNI peer group under consideration (note that if there are 
5 border nodes in a PNNI group, the cost matrix is a 5x5 
matrix). The cost matrix can be mapped to the actual 
complex node representation in two ways. The first approach 
is to use only exception bypasses. In this case the cost of the 
spokes is set to infinity. A fully meshed set of exception 
bypasses is used. Each exception bypass has for cost the 
appropriate entry in the cost matrix. The drawback of this 
approach is to significantly increase path selection algorithm 
complexity. The second approach is to use only spokes. Let 
C ( i=0, . . . , m-1 be the symmetric restrictive cost of spoke 
connecting port i to the nucleus. This costs are the solution 



max(Co, CV-i) = C r (P b(jMm ^ ) 



45 



50 



of the linear system: majt(C;, Cvi) = C£(Pfc.>. +| ) 



Since it is possible to derive both representations (or a 
combination of the two) from the cost matrix, we herein 
focus only on the construction of this matrix. 

The problem to be solved here is similar to the class of 
problems known as finding all pairs of shortest paths'. 
Several algorithm may be used to solve this problem as 
discussed by T. H. Cormen, C. E. Leiserson and R. L. Rivest 
in "Introduction to Algorithms", The MIT Press, 1989. 
Examples are the Floyd-Warshall algorithm or Johnson's 
algorithm. Actually, these algorithms are not directly suited 
for the present problems since they compute the pairs of 
optimal paths all vertices in the graph. The complexity of 
these algorithm is no lower than 0(n 2 Logn) (with Johnson's 
algorithm for sparse graphs) and usually in 0(n 3 )(Floyd- 
Warshall algorithm). Another approach would be to use by 
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A.B. Przygienda in "Link State Routing with QoS in ATM 
LAN's", Ph.D. Thesis, Eidgenossische Technische Hochs- 
chule Zurich, p. 11051, 1995). In this case a widest path 
spanning tree is computed from each of the border vertices. 
The spanning trees are then "merged" to find the optimal 
path between each pair of border vertices. The complexity of 
such an approach is 0(m n 2 ). The inventive algorithm 
described in the following solves the problem with a com- 
plexity almost linear with the number of edges in the graph. 



that the edges are numbered from 0-15 in the present 
example. The next lowest cost is 10. The link with the cost 
of 10 interconnects the pair of vertices 5 and 8. The link with 
the highest cost 80 is the one that interconnects vertices 5 
and 7 (see last row of the list of FIG. 4). 

The first step of the present algorithm consist in the 
initialization of the color of vertices and of the cost matrix. 
A unique color is assigned to each border vertex. Note that 
colors are used herein as identifiers. Other identifiers can be 



The proposed algorithm, illustrated in FIG. 13, is based on 10 used instead. In the present example, the color 0 is assigned 

the minimum spanning tree growth suggested by Kruskal to border vertex 1, the color 1 to border vertex 3 and the 

and Prim algorithms (as discussed in the above mentioned color 2 to border vertex 7, as shown in FIG. 5. The identifiers 

publication of T. H. Cormen). The basic principle is to add assigned to these border nodes are unique within the PNNI 

to a spanning tree (or spanning forest) the safest possible peer group under consideration and are defined to be domi- 

edge at each step. This guarantees that, at each step of its 15 nant. The color of all other vertices is infinity in the present 



growth, the tree (or the forest) is minimal. This property is 
heavily used in the proposed algorithm. 

In addition, a growth, graph coloring technique is used to 
identify spanning tree coming from the various border 
vertices. 

Before addressing implementation details, the inventive 
algorithm (see FIG. 13) is addressed. The following defini- 
tions are used: 





is the list of edges sorted by increasing cost 


M 


is the cost matrix 


F 


is the set of color used to 




identify border vertices 


C(v) 


is a color (an identifier) of a vertex 


B 


is the set of border vertices 


Used functions: 




GetFirstEdge(list) 


gets and removes the first edge in list. 


GetNewColor( ) 


returns a color which is not in use. 




Colors are returned by increasing order. 


ReleaseColor(c) 


sets color c as not in use. 


GetSrcVertex(e) 


returns the source vertex of edge e. 


GetDstVertex(e) 


returns the destination vertex of edge e. 


GetOrigLnatingVertex(c) 


returns the border vertex 




associated to color c. 


Initializations: 




F-{0}; 




CO = » ; 




MM-]--; 




for v e p do 




C(v) > GctNcwColor( ); 




F := F U C(v); 




done. 





example. Note that any other identifier is suited which 
allows to distinguish ordinary nodes from border nodes. 

After initialization the vertices carry the colors as shown 
in the table of FIG, 5. The cost matrix now looks like. 
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Note that by initializing C to be "infinity", we define the 
respective paths not to be feasible. 

In the following the sample graph in FIG. 3 is considered. 
The vertices with a bolded outline are the border vertices. 
The values shown on the edges are the symmetric restrictive 
costs C. The list of edges sorted by increasing cost-is given 
in the table of FIG. 4. This list is herein referred to as sorted 
list of links. It is to be noted that there are different ways to 55 
represent the information contained in such a list. A simple 
example is shown in FIG. 4 where the entries (records) in the 
list are actually ordered by their cost C such that the link 
with the lowest cost comes first and the link with the highest 
cost is at the end of the list. It is obvious that there are other 
ways to represent this information. One example is a logical 
sorted list of links. In this case the actual entries (record) in 
the list are not ordered by cost. Pointers are used instead. 
Such a logical sorted list of links can be easily updated 
because only pointers need to be changed. 

The lowest cost C in the graph of FIG. 3 is 5. The pair of 
vertices connected by the respective edge is 0 and 2. Note 
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vertex 1 vertex 3 vertex 7 





i 


i 


i 


vertex 1 -» 


0 


00 


CO 


vertex 3 -* 


00 


0 


CO 


vertex 7 -» 




CO 


0 



(1) 



Now the actual processing starts by taking a first link from 
the sorted fist which connects two nodes. This first link is the 
cheapest link with C=5. In the present implementation 
example the Edge 0 (first row) is taken from the sorted list 
of links in FIG. 4. It joins vertices 0 and 2 which both have 
"infinity" color in FIG. 5. The new color 3 is assigned to 
both of them, as shown in the table of FIG. 6. I.e., a new 
identifier (Color 3) is assigned to these two nodes if the two 
nodes are ordinary nodes. By doing so, a set SI is defined 
(cf. FIG. 3B). 

Then, Edge 1 (2nd row) is taken from the sorted list of 
links in FIG. 4. It joins vertices 5 and 8 which both have 
"infinity" color. The new color 4 is assigned to both of them, 
as shown in the table of FIG. 7. By doing so, another set S2 
is denned (cf. FIG. 3C). 

Then, Edge 2 is taken from the list. It joins vertices 2 and 
5. Vertex 5 has color 4 while vertex 2 has color 3 (see FIG. 
7). Color 3 is propagated because it is dominant. Please note 
that in the present example the smallest color is considered 
to be dominant (i.e. if two colors 'meet* the minimal color 
'wins'). By propagating one of the colors, the two sets SI 
and S2 are united into one set SI, as shown in FIG. 3D. 

Therefore vertices 5 and 8 receive color 3, as shown in the 
table of FIG. 8. In a next step, the Edge 3 is taken from the 
sorted list of links in FIG. 4. It joins vertices 4 and 5. Vertex 
5 has color 3 while vertex 4 has color "infinity". Color 3 is 
propagated. Therefore the vertex 4 receives the color 3, as 
shown in the table of FIG. 9, In other words, vertex 4 
becomes a member of the set SI (see FIG. 3E). 

Now, the Edge 4 is taken from the list in FIG. 4. It joins 
vertices 5 and 6. Vertex 5 has color 3 while vertex 6 has color 
"infinity". Same as in the last step, color 3 is propagated. 
Vertex 6 receives color 3, as shown in the table of FIG. 10. 
Vertex 6 thus becomes a member of the set SI. 

In the following step, the Edge 5 is taken from the sorted 
list of links in FIG. 4. It joins vertices 1 and 9. Vertex 1 has 
color 0 which is a border color that must be propagated. 
Therefore, vertex 9 gets color 0 (see FIG. 11). I.e., the border 
node's identifier is assigned to the ordinary node if the link 
connects a border node (Vertex 1) and an ordinary node 
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(Vertex 9). By assigning the border node's identifier (color 
0) to node 9, another set S3 is formed, as illustrated in FIG. 
3F. 

The Edge 6 is now taken from the sorted list of links. It 
joins vertices 2 and 3. Vertex 3 has color 1 which is a border 5 
color that must be propagated. Therefore all vertices having 
color 3 receive color 1, as indicated in the table of FIG. 12. 
In other words, the set of nodes SI that carries a color 3 is 
united with the set of nodes that carry color 1 by assigning 
the color 1 to all its nodes (note that in the present example 10 
the set of nodes that carry the color 1 comprises one node 
only). This united set now carries the name S4, as shown in 
FIG. 3G. 

Now, Edge 7 is taken from the list. It joins vertices 6 and 
9. Both vertices have a border color. In this case, the cost 15 
matrix has to be updated. Vertex 6 has color 1 associated to 
border vertex 3 and vertex 9 has border color 0 associated to 
border vertex 1. Scanning the column of matrix (1) associ- 
ated to vertex 1, the only value different from infinity is 
associated with the vertex 1 line. Scanning the line of matrix 20 
(1) associated to vertex 3, the only value different from 
infinity is associated with the vertex 3 column. Therefore, 
the matrix entries associated with vertex 3 and 1 are updated 
with the cost of edge 7. In the present example the cost of 



from infinity is associated with vertex 7. Therefore the 
entries associated with vertices 3 and 7 are updated with the 
cost of edge 10, as shown in the following matrix: 



vertex 1 
vertex 3 -> 
vertex 7 -> 



vertex 1 

1 

0 

40 
55 



vertex 3 
1 

40 
0 

55 



vertex 7 
i 

55 
55 
0 



(3) 



Since there are no more infinity entries in the above cost 
matrix the algorithm stops. The cost matrix (3) now allows 
determination of the cost between any pair of border verti- 
ces. The cost between vertex 1 and vertex 7 is 55. 

In the following, the usage of the inventive algorithm is 
explained using other words. There are three different cases. 
After some initialization (see box 150 in FIG. 15) the 
algorithm of FIG. 14 runs into a loop which is repeated until 
the restrictive cost between all pairs of border nodes has 
been derived. This loop comprises the boxes 151 through 
157 shown in FIG. 15. 

Let p(v) be the prime color of vertex v (P(v)=C(v) E F) 
if it has one. 

1. case: Both nodes n t - and n y which are connected by a 



restrictive cost between border nodes 1 and 3 is now known 
No updates of any other entries in the cost matrix are 
required at this point in time, because there are no corre- 
sponding pairs of border nodes for which the cost has 
already been found. 



vertex I vertex 3 vertex 7 





1 


1 


1 


vertex 1 -» 


0 


40 


00 


vertex 3 -* 


40 


0 


oo 


vertex 7 -+ 


oo 


00 


0 



(2) 



edge 7 is 40, ^according to FIG. 4. lr\ i other words, . the 25 Unk * taken from the so ^ ed Us ' t of lmks carry dominant 

(prime) identifiers (boxes 155-157). 

1. If p(n £ )=p(n / ), then the cost matrix does not need to be 
updated; 

2. If p(n^*v(n) t then the cost C has been found and the 
30 cost matrix is updated (i.e. the matrix update algorithm is 

applied) (boxes 156-157). 

Matrix update algorithm: Let S, be the set containing node 
n,- (see FIG. 14), as well as the nodes whose cost to node n t - 
have already been found. Let Sy be the set containing node 
35 n,, as well as the nodes whose cost to node n y - have already 
been found. All possible entries (n m , in the cost matrix 
are updated with cost c where n m E S t -, n k E Sy. All these 
possible entries are updated, because the cost (transitivity) 
The Edge 8 is now taken from the sorted list of links in not only between the two sets S t - and Sy is found, but also 
FIG. 4. It joins vertices 0 and 1. Both vertices have a border 40 between other pairs of border nodes is found. These other 
color. Since colors 0 and 1 have already touched during the pairs of border nodes are all border nodes whose respective 
last step, there is nothing to do. Now, the Edge 9 is taken sets are connected to said set S ( and all border nodes whose 
from the list. It joins vertices 3 and 4. Both vertices have the respective sets are connected to said second set Sy. 
same border color (color 1) and are member of the same set 2. case: One node n,- carries a dominant (prime) identifier 
S4. Therefore, there is nothing to do and the cost between the 45 and one node n ; - does not carry a dominant (prime) identifier 
two vertices 3 and 4 is known. Now, Edge 10 is taken from (boxes 153-154). In this case, the whole set of nodes of the 
the sorted list of links. It joins vertices 7 and 8. Both vertices node that carries the dominant identifier and the whole set of 
have a border color. Since the two colors are not yet joined nodes of the node that does not carry a dominant identifier 
the cost matrix (2) has to be updated. Vertex 7 has color 2 are united by assigning the dominant identifier to all of the 
associated to the border vertex 7 (this is indicated in that the 50 nodes of these sets. 

color 2 in the column of Vertex 7 is printed bold in the FIGS. 3. case: Both nodes n t - and n,- do not carry a dominant 
5-12). Vertex 8 has color 1 associated to the border vertex (prime) identifier (boxes 151-152). In this case, the whole 
3 (this is indicated in that the color 1 in the column of Vertex sets of nodes of both nodes are united under one identifier. 
3 is printed bold in the FIGS. 5-12). The matrix needs to be If none of the two nodes have an identifier (or an "infinity" 
updated since color 1 and color 2 are dominant (border node) 55 identifier), then a new unique identifier is assigned to all the 
colors. nodes of the two sets. Where both nodes had an identifier, 

Now the matrix update algorithm is applied. The con- one may take either one of them, according to a certain rule, 
necting vertices are 3 and 7. Let us scan the column of This rule has to respect one property, namely the assigned 
matrix (2) associated to vertex 3. The entry associated with identifier has to be unique within the peer group under 
vertex 1 is different from infinity. Scanning the row of matrix 60 consideration. A typical rule could be to take the identifier of 
(2) associated with vertex 7, the only entry different from the biggest set (the biggest set 'wins'). This is advantageous 
infinity is associated with vertex 7. Therefore the entries because only very few changes have to be made in the table, 
associated with vertices 1 and 7 are updated with the cost of Likewise, either the largest or smallest identifier might win. 
edge 10 (in the present example the cost of edge 10 is 55, cf. One might also apply a rule that randomly selects the 
FIG. 4). The second entry in vertex 3 column of matrix (2) 65 identifier which wins. 

different from infinity is associated with vertex 3. Once The method according to the present invention allows 
again, in vertex 7 row of matrix (2), the only entry different determination of the cost matrix of a PNNI peer group more 
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quickly than with conventional methods. This cost matrix 
can be used to calculate a path from a source node to a 
destination node. The computation of the cost matrix is 
efficient and thus requires less CPU power or time. This 
means that a conventional node can process more calls per 
second, i.e. the node can route more packets or frames. In 
other words, the present invention helps to unload the CPU 
of a node such that it can take care of actual traffic (e.g. the 
call setup rate can be increased) instead of path determina- 
tion and cost computation issues. 

New nodes can be designed that require smaller CPUs 
because less CPU power is needed for the computation of 
the cost matrix. Likewise, the CPU power can be used for 
other purposes. 

Depending on the application, the inventive scheme might 
be used to compute the cost matrix in one node of a network, 15 
domain, or peer group and to flood the cost matrix to all 
other nodes, or each node can compute the cost matrix. 

Referring now to FIG, 16, a typical node is described. The 
node comprises a processor 50 which is associated through 
a bus 52 with program memory elements of computer usable 20 
media 54. It also has data memory elements 56 in which the 
reachabilities and identities of the other switches of the peer 
group are retained, working memory elements and a input/ 
output interface 59 for the receipt and transfer of the 
information on the network. 

In a PNNI network packets or frames are sent from a 
source node to a destination node by means of source 
routing. That is, the source node indicates in the packet or 
frame what path it wants the packet or frame to follow. For 



25 



c. if the link connects a first node which carries a 
dominant identifier and a second node which carries 
a different dominant identifier, then updating the cost 
between the border node which belongs to the same 
set of nodes as the first node and the border node 
which belongs to the same set of nodes as the second 
node, and updating with the same cost all corre- 
sponding pairs of border nodes. 

d. continue with step 3) until the restrictive cost 
between all pairs of border nodes has been derived. 

2. The method of claim 1, wherein said corresponding 
pairs of border nodes are 

all border nodes for which a cost to the border node which 
belongs to the same set of nodes as the first node has 
already been found and all border nodes for which a 
cost to the border node which belongs to the same set 
of nodes as the second node has already been found, 
and 

all border nodes for which a cost to the border node which 
belongs to the same set of nodes as the first node has 
already been found and the border node which belongs 
to the same set of nodes as the second node has already 
been found, and 

all border nodes for which a cost to the border node which 
belongs to the same set of nodes as the second node has 
already been found and the border node which belongs 
to the same set of nodes as the first node has already 
been found. 

3. The method of claim 1, wherein said sorted list of links 



this purpose, the source node needs to be able to determine 30 is a logically sorted list, preferrably a link list. 



35 



the optimal path. If the source node holds a copy of the cost 
matrix, it needs to find the path with lowest cost within this 
matrix. The lowest cost in the matrix is assigned to an edge 
(link) between two vertices. These two vertices are then used 
by the source node for routing the packet or frame peer 
goup-by-peer group through the whole network to the des- 
tination node. 

Calculations have shown that the cost matrix should be 
recalculated if a link changes or is added which has a cost 
lower than the lowest cost in the current cost matrix. 

One possible application of the present algorithm was 
described in connection with the above sample graph. The 
novel algorithm is used to compute the cost matrix associ- 
ated with the complex node representation of a peer group 
in a PNNI network. The proposed algorithm has a complex- 
ity which is linear to the number of edges in the peer group 
to be summarized. There are similar algorithms that can be 
used instead of the one discussed above. 

What is claimed is: 

1. Method for computation of a restrictive cost between 
pairs of border nodes of a PNNI peer group, said peer group 
comprising nodes and links connecting two nodes, some of 
the nodes being border nodes, comprising the steps: 

1) maintaining a sorted list of such links sorted according 

to their cost, 55 

2) assigning unique dominant identifiers to each one of 
said border nodes, and 

3) taking such a link from said sorted list, 

a. if the fink connects two nodes neither of which 
carries a dominant identifier, uniting the two sets of 60 
nodes of these two nodes by assigning an identifier 

to all nodes of the two sets, or 

b. if the link connects a node with a dominant identifier 
and a node which does not carry a dominant 
identifier, then uniting the two sets of nodes of these 65 
two nodes assigning a dominant identifier to all 
nodes of the two sets, or 



50 



4. The method of claim 1, wherein said identifier which is 
assigned to all nodes of the two sets in step a. is the identifier 
of either one of the two nodes that were connected by the 
link. 

5. The method of claim 1, wherein said identifier which is 
assigned to all nodes of the two sets in step a. is a unique 
identifier. 

6. The method of claim 1, wherein said dominant iden- 
tifier which is assigned to all nodes of the two sets in step b. 
is the dominant identifier of the node that was connected by 
the link to the node which does not carry a dominant 
identifier. 

7. The method of claim 1, wherein some identifiers are 
known to be dominant (prime). 

8. The method of claim 4, wherein said dominant iden- 
tifiers are marked in said sorted list of links, or where there 
is a list of dominant identifiers. 

9. The method of claim 1, wherein said sorted list of links 
is updated if a link changes. 

10. Method for computation of a restrictive cost between 
pairs of border nodes of a PNNI peer group, said peer group 
comprising nodes, some of the nodes being border nodes, 
and links each connecting an individual pair of nodes, 
comprising the steps: 

a. maintaining a sorted list of such links sorted according 
to their restrictive cost C, 

b. forming logical sets of nodes 

by taking one such link after the other from said list 
starting with the cheapest cost C and assigning an 
identifier to the two nodes connected by the respec- 
tive link, whereby the nodes of a set of nodes carry 
a dominant unique identifier if a border node is a 
member of the respective set, or a unique identifier 
if there is no border node being a member of the 
respective set, 

uniting two sets, if such a link connects a node of a first 
set and a node of a second set, by assigning a 
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dominant unique identifier to all nodes of both sets if 
either nodes of the first or the nodes of the second set 
carry a dominant unique identifier, or by assigning a 
unique identifier to all nodes of both sets if neither 
the nodes of the first nor the nodes of the second set 
carry a dominant unique identifier, 
c. applying a matrix update algorithm if such link con- 
nects a node of a first set and a node of a second set that 
both already carry dominant unique identifiers. 

11. The method of claim 10, wherein said matrix update 
algorithm comprises the steps 

a. updating the cost between a pair of border nodes with 
the cost C of a link if said link connects a node of a first 
set and a node of a second set that both already carry 
dominant unique identifiers, and 

b. updating the cost between all border nodes whose 
respective sets are connected to said first set and all 
border nodes whose respective sets are connected to 
said second set with said cost C. 

12. The method of claim 10 being used for computation 
of the restrictive cost of traversing said PNNI peer group 
between each pair of border nodes. 

13. Method for computation of an optimal path in a PNNI 
network comprising 

carrying out the steps of claim 1 or 10 to compute the 
restrictive cost between all pairs of border nodes, and 

determining said optimal path between a source node and 
a destination node by selecting the link with the lowest 
cost between a pair of border nodes. 

14. Method for routing a packet or frame from a source 
node to a destination node using an optimal path in a PNNI 
network comprising 

carrying out the steps of claim 1 or 10 to compute the 

restrictive cost between all pairs of border nodes, and 
determining said optimal path between a source node and 

a destination node by selecting the link with the lowest 

cost between a pair of border nodes, 
routing said packet or frame through said pair of border 

nodes. 

15. Apparatus for computation of a restrictive cost 
between pairs of border nodes of a PNNI peer group, said 
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PNNJ peer group comprising nodes and links connecting 
individual pairs of nodes, some of the nodes being border 
nodes, the apparatus comprising: 

1) a sorted list of such links sorted according to their cost, 

2) a unit for assigning unique dominant identifiers to each 
one of said border nodes, and 

3) processing unit which takes one such link after the 
other from said sorted list until the restrictive cost 

10 between all pairs of border nodes has been derived, 
a. to unite the two sets of nodes of these two nodes by 
assigning an identifier to all nodes of the two sets, if 
the link connects two nodes neither of which carries 
a dominant identifier, or 

15 b. to unite the two sets of nodes of these two nodes by 
assigning a dominant identifier to all nodes of the 
two sets, if the link connects a node with a dominant 
identifier and a node which does not carry a domi- 
nant identifier, or 

20 

c. to update the cost of the link that connects the first 
node and the second node, and update with the same 
cost all corresponding pairs of nodes, said corre- 
sponding pair of nodes being all nodes for which a 
25 cost to the first node has already been found and all 

nodes for which a cost to the second node has already 
been found, if the link connects a first node which 
carries a dominant identifier and a second node 
which carries a dominant identifier. 
30 16. The apparatus for computation of a restrictive cost 
according to claim 15 being part of a node. 

17. The apparatus for computation of a restrictive cost 
according to claim 15, wherein said sorted list of links is 
maintained in memory. 
35 18. The apparatus for computation of a restrictive cost 
according to claim 15, wherein said processing unit is a 
processor in combination with a instruction code that con- 
trols the operation of the processor, 

19. Apparatus according to claim 10 where the unique 
4Q identifier assigned to two sets of nodes is the unique iden- 
tifier of the largest of the two sets of nodes. 

* * * * * 
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